Rock pigeons (Columba livia) display an extraordinary array of pigment pattern variation. 19
lack pigmentation in the first set of pennaceous feathers and have severe congenital eye defects 87 [19, 30, 31] (Fig. 1B, C) . The pattern of inheritance of Almond suggests that dosage of the mutant 88 allele, rather than absence of the wild type allele, is responsible for the pigment and eye phenotypes 89 in homozygous males. Eye defects are also associated with pigmentation traits in other vertebrate 90 species, including dogs and horses, yet the molecular basis of these linked effects remains poorly 91 understood [9, 32-37]. Therefore, Almond pigeons can illuminate links between pigmentation and 92 eye defects, including whether pleiotropic effects of a single gene or linked genes with separate 93 effects control these correlated traits. 94
In this study, we investigate the genomic identity of the St locus in domestic pigeons. 95
Whole-genome sequence comparisons of Almond and non-Almond birds reveal a copy number 96 variant (CNV) in Almond birds that includes the complete coding sequences of two genes, and 97 partial coding sequences of two others. One of the complete genes, Mlana, plays a key role in the 98 development of the melanosome (the organelle in which pigment granules are produced), making 99 it a strong candidate for the pigmentation phenotype observed in Almond pigeons. We also find 100 that different alleles at St are correlated with different degrees of expansion of the same CNV, 101 thereby linking a spectrum of pigmentation variants to changes at one locus. 102 103 RESULTS 104
A sex-linked genomic region is associated with Almond pigmentation pattern 105
To determine the genomic location of the sex-linked St locus, we compared the genomes 106 of 12 Almond pigeons to a panel of 109 non-Almond pigeons from a diverse set of breeds, using 107 a probabilistic measure of allele frequency differentiation (pFst) [38] (see S1 Table for sample analysis confirmed 7 copies of the outer 77-kb segment and 14 copies of the inner 25-kb segment 133 in the genomes of female (Z St W) Almond pigeons, which have an St locus on only one 134 chromosome. We used PCR to amplify across the outer and inner CNV breakpoints of Almond 135 pigeons and determined that the CNV consists of tandem repeats of the 77-kb and nested 25-kb 136 segments ( Fig. 3B) . 137
We then genotyped the CNV region in a larger sample of Almond pigeons and found a 138 significant association between the number of tandem repeats and the Almond phenotype (TaqMan 139 assay; pairwise Wilcoxon test, p= 2.0 e-16). Almost all Almond birds have more than one copy of 140 the CNV per Z-chromosome (n=78 of 80) ( Fig. 4) . Conversely, nearly all non-Almond birds had 141 only one copy per Z-chromosome (n=55 of 57). The two non-Almond birds with >1 copy per 142 chromosome had a maximum of one additional copy of the CNV, indicating that small increases 143 in copy number do not necessarily cause the Almond phenotype. Overall, these analyses suggest 144 that expansion of CNV on ScoHet5_227 is associated with the Almond phenotype. 145 146
Genes within the CNV are misexpressed in Almond feather buds 147
We next asked if the CNV was associated with gene expression changes between 148 developing Almond and non-Almond feathers. To address this question, we compared expression 149 of genes in the CNV region among birds with ( Other genes completely or partially within the CNV show increased expression in feathers 169 from birds with at least one Almond allele relative to non-Almond birds. Slc16a7 encodes a 170 monocarboxylate transporter, and is predicted to be amplified to six full-length copies in Almond 171 pigeons ( Fig. 3B ). We observed a 40-fold increase in expression of Slc16a7 in Almond feather 172 buds compared to non-Almond ( Fig. 5A ). Slc16a7 is not known to be important in pigmentation; 173 however, this gene is expressed in the mammalian, where it is involved in lactic acid transport and 174 osmotic balance [43] [44] [45] [46] [47] . 175
In addition to the two genes fully contained within the CNV, a novel fusion of Ermp1 (a 176 metallopeptidase gene) and Kiaa2026 (unknown function) is predicted to span the outer CNV The predicted Ermp1/Kiaa2026 fusion protein is a truncated version of Ermp1, including the 179 peptidase domain and 3 of the 6 transmembrane domains (Fig. 3B ). The 22 amino acids from 180
Kiaa2026 at the C-terminus of the fusion protein do not include a known protein domain [48] ; 181 thus, the fusion protein is unlikely to create a novel combination of functional domains. As 182 expected, the Ermp1/Kiaa2026 fusion gene is not expressed in feathers of non-Almond birds, but 183 is expressed in birds with Almond alleles (Fig. 5A ). When we analyzed the expression of the exons 184 of Kiaa2026 and Ermp1 located outside the CNV, we did not observe expression differences 185 among genotypes ( Fig. 5B ). Therefore, the Almond CNV is associated with expression of the novel 186 fusion gene, but not with expression differences in the full-length transcripts of either contributing 187 gene. Similarly, Ric1, a gene immediately outside the CNV, shows a modest (less than two-fold) 188 expression increase in light Almond feathers relative to other feather types ( Fig. 5B ). In summary, To determine if pigment production signals diverge between Almond and non-Almond 205 feather buds, we measured expression of several marker genes for melanocyte maturation and 206 function by qRT-PCR. We first examined genes involved in melanocyte survival and 207 differentiation, both of which are critical early events in melanin production. Sox10, which 208 encodes a transcription factor that activates expression of many downstream genes including Mitf, 209 with Pmel and is also critical for melanosome matrix formation. We found that Pmel is 240 downregulated in all Almond feather buds, and most severely in the two most depigmented types, 241 light Almond and homozygous Almond (Fig. 5C ). As described above, Mlana expression 242 increased in dark Almond feathers but was similar to non-Almond in light Almond and 243 homozygous Almond feather buds. These results are difficult to reconcile because these two genes 244 are regulated by Mitf. Nevertheless, our results show that even the pigmented feathers in Almond 245 birds show altered expression of pigmentation genes.
In summary, in homozygous Almond feather buds, the pigmentation production pathway 247 is altered at an early stage of eumelanogenesis. In birds with one copy of the Almond allele (Z St Z + 248 and Z St W) light feathers show downregulation of more eumelanin production genes than do dark 249 feathers. Thus, phenotypically different Almond feathers have distinct pigmentation gene 250 expression profiles. Table) . Another allele, Frosty (St fr ), showed a trend of copy number increase that did 259 not reach significance (N=6, p=1). Together, these results demonstrate that copy number increase 260 is associated with a variety of depigmentation alleles at the St locus. 261
We next asked whether different St alleles share the same CNV breakpoints. We amplified 262 and sequenced across the Almond CNV breakpoints in Qualmond (N=4), Sandy (N=2), Faded 263 (N=2), and Chalky (N=4) pigeons and found that the breakpoints are identical in all phenotypes 264 tested. Therefore, a single initial mutational event was probably followed by different degrees of 265 expansion in different St alleles. Notably, the breakpoints of the 77-kb segment (ScoHet5_227: 266
DISCUSSION 270
Mlana is a strong candidate gene for the Almond phenotype 271
We identified a CNV associated with plumage pigmentation variation and an eye defect in 272 domestic pigeons. Different numbers of copies of this structural variant are associated with a series 273 of depigmentation alleles at the same locus. In the feathers of Almond birds, the CNV is associated 274 with changes in the expression of genes within its bounds. 275
One of these genes, Mlana, is a strong candidate for Almond due to its role in melanosome The other full-length gene within the CNV, Slc16a7, does not have a known role in 292 pigmentation. However, this gene is a member of a class of monocarboxylate transporters that are 293 necessary to efficiently remove lactate from photoreceptor cells to prevent intracellular acidosis, 294 and to maintain a high glycolysis rate and proper cellular metabolism [44-46, 80, 81]. We 295 speculate that irregular expression of this gene could lead to cell death or dysfunction by causing 296 toxic lactic acid concentrations or by preventing lactic acid transport to nearby cells. In 297 regenerating Almond feathers, Slc16a7 expression increases substantially (40-fold) relative to 298 non-Almond feathers, raising the possibility that this gene is somehow involved in pigmentation. 299
In short, changes in Slc16a7 expression could drive components of the Almond phenotype in 300 feathers, eyes, or perhaps both. However, given the linked pigment and eye phenotypes observed 301
in Pmel mutants in other species, Mlana alone could be sufficient to induce both pigmentation and 302 eye defects in Almond pigeons. Future work will explore these various possibilities. 303 304
Gene expression is altered in Almond birds 305
In other organisms, copy number variation can result in gene expression changes in the same 306 direction as the copy number change (i.e., the presence of more copies is correlated with higher 307 expression) [82-84]. We observed a similar trend of higher expression of genes captured in the 308
Almond-linked CNV (Fig. 5A) . In contrast to this trend, however, Mlana showed an increase in 309 expression in dark Almond feathers, but not in light Almond or homozygous Almond 310 (unpigmented) feathers. Mlana is also the gene with the greatest copy number increase, with up to 311 14 copies in hemizygous Almond genomes and 28 copies in the homozygous Almond genome. If genes in the CNV are being randomly silenced in Almond pigeons, or cells with high 334 expression are escaping cell death in a random manner, then we might expect to see high variance 335
in gene expression among Almond feather samples. Consistent with this prediction, the variance 336 in expression of Mlana in both dark and light Almond feather buds trends higher than in non-Almond samples (Fig. 5A ). This variance might also explain the random pattern of pigmentation 338 and de-pigmentation observed in the feathers of these birds. If each cell population is affected 339 differently due to stochastic events resulting in differential expression, then random pigmentation 340 patterns could be the outcome. 341 342
CNVs as mechanisms for the rapid generation of new phenotypes 343
In addition to finding a CNV at the St locus in Almond birds, we found quantitative 344 variation in copy number among other alleles at this locus. Variation at this CNV may have a 345 quantitative effect on de-pigmentation, with the degree of copy number increase correlating with 346 degree of depigmentation and eye defects. For example, pigeon breeders report that Sandy and 347
Whiteout -two phenotypes with among the highest numbers of copies of the CNV (Fig. 4) Almond resequenced whole genomes. Scaffold ScoHet5_227 gdepth files were generated using 403 VCFtools [108]. Read depth was normalized using a region (scaffold ScoHet5_227: 1-5,000,000) 404 that did not show an increase in sequencing coverage in Almond genomes.
To determine the CNV breakpoints, we first identified the region of increased sequencing 406 coverage in Almond genomes using the depth function in VCFtools [108]. Next, we examined 407 BAM files of Almond genomes in IGV [110] in the region of coverage increase, and identified 408 locations at which reads were consistently split (did not map contiguously). These locations were 409 the putative breakpoints. We then designed PCR primers that amplify 1-kb products spanning the 410 putative breakpoints (see S5 Table for primer Faded, and 6 Chalky, 5 Frosty, and 56 individuals without St-linked phenotypes. Following DNA extraction, samples were diluted to 5 ng/uL and run in quadruplicate according to manufacturer's 429 protocol. Copy number was determined using CopyCaller Software v2.1 (ThermoFisher Scientific, 430
Waltham, MA). An intron in RNaseP was used for normalization of copy number. 431
432

RNA isolation and cDNA synthesis 433
To assay gene expression, secondary covert wing feathers were plucked to stimulate 434 regeneration and allowed to regenerate for 9 days (see S2 Table for sample details). Nine-day 435 regenerating feather buds were plucked, then the proximal 5 mm was cut and stored in RNA later 436 at 4°C overnight. Feather buds were then dissected and collar cells removed, and stored at -80°C 437 until RNA isolation. RNA was then isolated and reverse transcribed to cDNA as described 438 contributions; and Ken Davis and Tim Kvidera for critical discussions and advice. We thank Tim 452 Kvidera for photographs of Whiteout, Sandy, Frosty, Faded, and Chalky pigeons in Figure 4 . We 453 thank Anna Vickrey, Max Sidesinger, Elena Boer, Emily Maclary, Sara Young, and Robert 454
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